Polycrystalline neutron scattering for Geant4: NXSG4  by Kittelmann, T. & Boin, M.
Computer Physics Communications 189 (2015) 114–118Contents lists available at ScienceDirect
Computer Physics Communications
journal homepage: www.elsevier.com/locate/cpc
Polycrystalline neutron scattering for Geant4: NXSG4✩
T. Kittelmann a,∗, M. Boin b
a European Spallation Source ESS AB, Sweden
b Helmholtz-Zentrum Berlin für Materialien und Energie, Germany
a r t i c l e i n f o
Article history:
Received 23 June 2014
Received in revised form
4 November 2014
Accepted 11 November 2014
Available online 25 November 2014
Keywords:
Geant4
Neutron
Scattering
Diffraction
Algorithm
Simulation
Detector
Polycrystal
a b s t r a c t
Anextension toGeant4based on thenxs library is presented. It has been implemented in order to include
effects of low-energy neutron scattering in polycrystallinematerials, and ismade available to the scientific
community.
Program summary
Program title: NXSG4
Catalogue identifier: AEUZ_v1_0
Program summary URL: http://cpc.cs.qub.ac.uk/summaries/AEUZ_v1_0.html
Program obtainable from: CPC Program Library, Queen’s University, Belfast, N. Ireland
Licensing provisions: Free for non-commercial use (as per terms in LICENSE file)
No. of lines in distributed program, including test data, etc.: 12281
No. of bytes in distributed program, including test data, etc.: 350468
Distribution format: tar.bz2
Programming language: C and C++.
Computer: Any with a C or C++ compiler.
Operating system: Linux, OSX.
Classification: 7.6, 7.7, 8, 11.1, 11.7.
External routines: Geant4 (http://geant4.cern.ch/)
Nature of problem:
Simulation of neutron scattering in polycrystalline materials
Solution method:
Monte Carlo methods based on analytical formulas
Running time:
The example provided takes only a few seconds to run.
© 2014 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The Geant4 simulation framework, originally a product of the
high-energy physics community, is today utilised across a wide
✩ This paper and its associated computer program are available via the Computer
Physics Communication homepage on ScienceDirect (http://www.sciencedirect.
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0/).range of fields to perform full-scale and highly realistic simulations
of the passage of particles through matter and fields [1,2]. With
exact physics capabilities depending on the choice of physics list,
Geant4 provides an astounding level of detail in its description of
interactions of both elementary and composite particles, based on
a mix of analytical formulae and a large library of data files. Ma-
terials are contained in potentially highly complex geometrical
layouts of user specified volumes, and configuration of their com-
position is flexible, in the sense that ultimately it is possible to
freely specify the atomic and isotopic content of a given volume.
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.
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the user has no way to further specify the structure of the materi-
als, and consequently any effect on interaction cross sections due
to inter-atomic bindings will be absent.
For the case of low-energy neutrons impinging on poly-
crystalline (or powdered crystalline) materials, the extension
presented here, NXSG4, attempts to remedy that. Based on user-
supplied crystal structures and the nxs library [3–6], cross sec-
tions are calculated and applied for coherent and incoherent
neutron scattering in materials with randomly oriented crystal
grains (i.e. a perfect powder or polycrystal with no texture or pre-
ferred directions).1
NXSG4 was developed and is presently used at the European
Spallation Source [7,8] as an essential aid for the developments of
future 10B-based neutron detectors, in which concerns over non-
trivial interactions between neutrons in polycrystalline support
materials such as aluminium impose severe constraints on the
possible designs. Due to the generic capabilities of both Geant4
and the nxs library, it is likely that NXSG4will be useful for awider
range of use-cases involving simulations of low-energy neutrons.
2. Low-energy neutron scattering and Geant4 status
Coherent elastic scattering of order n = 1, 2, . . . of neutrons
of wavelength λ on crystal lattice planes with relative spacing d,
happens at scattering angles θ , as given by Bragg’s law2:
2d sin (θ/2) = nλ. (1)
Implying sudden cross section discontinuities, known as Bragg
edges, at λ = 2d, and that such scattering is impossible for wave-
lengths larger than (the Bragg cut-off):
λmax = 2dmax, (2)
where dmax is the maximal plane spacing of the crystal lattice that
results in constructive interference. This is equivalent to aminimal
kinetic energy of:
Ekinmin =
h2
8mnd2max
≈ 20.451meV
dmax [Å]
2 , (3)
where h is Planck’s constant and mn the neutron mass. Below this
energy threshold, the total scattering cross section should drop
sharply as the coherent elastic part vanishes. Above it, structure
due to the different crystal planes should be apparent, with sharp
jumps in the cross section values wherever the thresholds for vari-
ous d-spacings and orders n are passed. However, the neutron scat-
tering cross section in aluminium available in Geant4 shows no
such structure at or above the expected Ekinmin ≈ 3.74meV (c.f.
Section 4.3) as can be seen in Fig. 1. In fact, below the region of
O(keV–MeV) nuclear resonances, the scattering cross section fol-
lows a smooth curve much as could be expected if dealing with a
gas rather than a structured solid. Similarly, when looking at the
distribution of scattering angles in Fig. 2, rather than exhibiting
peaks corresponding to the available crystal distances, at angles
given by Eq. (1), a distribution close to isotropic is seen.
3. The nxs library
Several standalone tools such as CRIPO [10] and refinement pro-
grams like BETMAn [11] exist to compute neutron cross sections
towards the analysis of data from neutron scattering experiments.
1 Where relevant, figures and discussions in this paper are based on nxs version
1.5, NXSG4 version 1.1.0 and Geant4 9.6.p02 with the QGSP_BIC_HP physics list.
2 Note that the law is often listed as 2d sin θB = nλ where θB = θ/2 is the angle
between the incoming neutron and the lattice plane.Fig. 1. Geant4 cross sections in aluminium compared with data [9]. Here
hadElastic is the process responsible for scattering.
Fig. 2. Geant4 scattering angles in aluminium for 1.8 Å neutrons. In red is shown
a fit to a sinus-curve, corresponding to uniform scattering over all solid angles.
The open-source neutron cross section library nxs provides a col-
lection of routines to calculate absorption and scattering cross sec-
tions. The code is written in C and, thus, can be readily used as a
back-end for new standalone applications or integrated into exist-
ing frameworks, that allow native C code calls on multiple plat-
forms.
Depending on the neutron wavelength, the nxs routines cal-
culate the individual cross sections for a given polycrystalline ma-
terial. The computation takes the structural characteristics of the
material into account, i.e. the crystallographic structure. For this
purpose, the requiredmaterial composition information, including
atomic properties and their arrangement can either be assigned di-
rectly in the code or by an nxs input file that includes the neces-
sary parameters to construct a unit cell. For usage through NXSG4,
only the lattermodeof configuration is supported, although certain
state parameters such as temperature and density will be taken
from the corresponding G4Material (see Section 4.2).
3.1. The nxs input file
The nxs library offers a comfortable mechanism to extract
complete sets of unit cell parameters from input files written
in a simple human-readable ASCII format, allowing for easy
configuration. As an example used throughout this paper, an input
file defining the crystallographic unit cell for standard aluminium
is shown in Fig. 3: first, a space group number3is provided to define
3 As given by [12]. Other symbolic notations such as Hermann–Mauguin or Hall
symbols are also supported.
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energy neutron scattering cross sections in crystalline aluminium with natural
isotopic abundances.
the symmetry of the crystal. Next, 6 lattice parameters provide the
length of the cell edges (in ångström), the angles between them (in
degrees) and the Debye temperature of the crystal (in kelvin).
Finally, lines starting with add_atom are used to provide infor-
mation about the constituent atoms and their placement within
the unit cell — parameters which can be readily obtained from
databases, such as NIST [13]. As aluminium is mono-atomic, only
one such line is present in Fig. 3. In order to build more com-
plexmaterialswithmultiple constituent atoms, furtheradd_atom
lines can be added to the input file. In addition to a label (here:
‘‘Al’’), the parameters and their units are in order: the coherent
scattering length (bcoh = 3.449 fm), the incoherent scattering
cross section (σinc = 0.008 b), the absorption cross section at
vn = 2200 m/s (σ 2200abs = 0.23 b), the atomic mass (M = 26.98 u)
and the space coordinates (x, y, z) = (0, 0, 0) for the Wyckoff po-
sition [14] of the atom in the unit cell. Note that, for convenience,
nxs input files for several commonmaterials are distributed along
with NXSG4.
3.2. Implementation of cross section calculations
The different reflective planes within a crystal lattice can be
parametrised in terms of their Miller indices, denoted as sets of
three integers coordinates, hkl. After creating a virtual unit cell,
the nxs library calculates and stores reflection information for
each relevant hkl coordinate. This is done through the usage of the
SgInfo library [15] for handling space group symmetry, providing
the necessary information for further calculations. The SgInfo
routines and their documentation are free for non-commercial use
and have been embedded into nxs, as they are also written in C.
A list of crystal lattice reflections is generated according to
the defined space group and unit cell parameters. Symmetry-
equivalent lattice planes as well as the hkl multiplicity are also
computed and stored at this stage. Finally, the lattice spacings dhkl
and structure factors Fhkl are calculated.
Now, the individual neutron scattering and absorption contri-
butions to themicroscopic neutron total cross section σtotal are cal-
culated as follows:
σtotal(λ) = σ coh

Selcoh(λ)+ S inelcoh (λ)

+ σ inc

Selinc(λ)+ S inelinc (λ)
+ σabs(λ), (4)
where the scattering functions S describe the influence of the neu-
tron wavelength and the spatial atomic arrangement on the cross
sections. The present discussion will restrict itself to σ elcoh and the
new developments needed in nxs for NXSG4, and refer to [3] for
further details. Magnetic neutron–matter interaction is not han-
dled in the nxs library.Taking into account the structure factor F , the lattice spacing
d and the unit cell volume V0, the coherent elastic scattering
cross section considers the material’s crystallographic arrange-
ment [16]4:
σ elcoh(λ) = σ cohSelcoh(λ) =
λ2
2V0
2dhkl<λ
dhkl=0
|Fhkl|2dhkl. (5)
With respect to Eq. (1), the summation runs over all sets of hkl
with lattice spacings dhkl smaller than half the selected neutron
wavelength λ, such that Bragg edges appear at λ = 2dhkl.
In the version of the nxs library presented in [3], the inelastic
components of Eq. (4) were calculated via a formula proposed by
Binder [17], valid at shorter wavelengths but breaking down for
E ≪ kBθD, where kB is Boltzmann’s constant and θD the Debye
temperature of the crystal. For the purposes of the present work,
however, functionality was desired for cold neutrons as well, since
for instance neutrons from the cold moderator at ESS are expected
to possess energies at the meV scale. Consequently, the single-
and multiple-phonon scattering cross section model proposed by
Freund [18] was also implemented in nxs. While yielding much
improved results at low energies, the Freund model does on the
other hand suffer from issues at shorterwavelengths, and therefore
the final inelastic cross sections were made available in nxs as a
combination of the two approaches, using a linear switchover in
the area around E ≈ kBθD, such as proposed by Adib et al. [19].
3.3. Validation and applications for neutron experiments
The nxs library routines have been validated within a number
of neutron imaging and engineering-diffraction measurements.
For example, neutron wavelength dependent transmission spec-
tra have been simulated to validate Bragg edge transmission mea-
surements from a number of neutron instruments [4,20,21]. The
experimental results have been compared to the simulation results
and found perfect agreement in consideration of the instrumental
parameters. Mismatches between the measurement results could
be reproduced and correlated to the different instrument setups.
Moreover, the simulations utilising the nxs library assisted in the
development of upcoming neutron instruments [22]. The simula-
tions have been realised by creating individual samplemodules for
the McStas [23,24] and Vitess [25,26] neutron ray-tracing soft-
ware packages. Both programs provide a framework to simulate a
large variety of instruments at existing and future neutron reac-
tor and spallation sources. The developed virtual samples include
the nxs routines to compute the scattering and absorption prob-
ability for each intersecting neutron depending on its wavelength.
However, neither McStas nor Vitess can be used to simulate the
passage of particles other than low-energy neutrons through mat-
ter, nor do they provide generic tracking through arbitrarily com-
plex volume layouts, like what is available in Geant4. Both these
capabilities are essential to design new detectors and appropriate
shielding for new neutron sources as well as simulating expected
backgrounds at such sources.
For completeness it should be mentioned that similar capabili-
ties for simulation of low-energy neutron interactions are available
to users of MCNP through the NJOY extension mechanism [27,28].
But there, the burden is upon the user to provide the application
with additional detailed neutron scattering data such as material
specific structure factors. This constraint is, on the other hand, not
present in the approach presented in this article, given that thenxs
library derives such quantities from a few fundamental parameters
through its first principle approach.
4 Note that nxs delivers cross sections per unit cell rather than per atom as this
is often the more useful quantity in crystallographic systems which are not mono-
atomic. Naturally,NXSG4 internally takes this convention into accountwhen calling
nxs routines.
T. Kittelmann, M. Boin / Computer Physics Communications 189 (2015) 114–118 1174. The NXSG4 extension
An extension, NXSG4, is provided for Geant4 which modifies
the scattering cross section calculation of low-energy neutrons,
based on user specified polycrystalline structures for one or more
materials. The code alongwith programming examples, licence de-
tails and instructions for installation andusage canbe found at [29].
Supported platforms are currently most widespread versions of 32
or 64 bitLinux orOSXwith eitherGCC orLLVM/Clang compilers,
and usage of the code (including the contained nxs and SgInfo li-
braries) is free for non-commercial purposes.
4.1. User code
User code requires very few changes in order to activate NXSG4,
and all details of thenxsAPI are completely hidden. After including
the NXSG4.hh header file, the user must first of all assign crystal
properties to some or all G4Material instances used in the
geometry of the given Geant4 job. This is easily done during
geometry construction by a single call to the framework, specifying
both the material instance and location of an nxs input file, here
Al.nxs (cf. Section 3.1):
G4Material * myAl
= . . . ;//user code for creating the material
NXSG4::setProperty(myAl,"Al.nxs"); (6)
Additional versions of the above function exist for further fine-
tuning the behaviour of the low-energy neutron scattering: this
includes possibilities for modifying cross sections and scattering
angles, which might for instance be used when estimating the
sensitivity of a given analysis to uncertainties related to cross
sections for the involved materials.
Very often users will create materials from the Geant4 NIST
database, and a convenience function exists which creates such
materials and assigns them an nxs unit cell in a single step. As
an example, a material instance representing polycrystalline alu-
minium with natural isotopic composition would be created by:
G4Material * myAl
= NXSG4::createMaterial("G4_Al","Al.nxs"); (7)
At run-time, the specified nxs input file (here Al.nxs) must
reside in either the current working directory or in a directory
indicated via the NXSG4DATA environment variable. Finally, just
after the Geant4 run manager has been initialised, one must
invoke the command:
NXSG4 :: install(); (8)
NXSG4will then embed itself in the physics processes of neutrons
as described in the following section. Alternatively, framework im-
plementers can instead invokeNXSG4::installOnDemand() to
make the installation conditional on at least one material with
crystal properties existing in the active geometry.
4.2. Implementation and tunable parameters
As Geant4 does not a priori comewith functionality for adding
generic properties tomaterials,NXSG4 keeps track ofwhich crystal
properties are associated to which G4Material instances by
keeping an internal global map of G4Material addresses and
their associated properties.
Upon invocation of NXSG4::install(), the existing physics
process responsible for handling scattering is located on the
neutron’s process manager and deactivated.5To take its place,
5 This is assumed to be the process inheriting from G4HadronElastic-
Process.a custom process is instantiated and attached to the list. The cus-
tom process keeps a reference to the original process, and by de-
fault simply passes calls through to it, thus providing all of the
scattering physics already available in the chosen Geant4 physics
list. Only when queried with a neutron with Ekin < Ekinthr passing
through a material with an assigned nxs crystal property does it
override cross sections and scattering angles based on information
provided by the nxs library. As no better description is available,
the change in kinetic energy is always provided by Geant4, and
scatter angles are always selected isotropically for all other compo-
nents than the coherent elastic part corresponding to Bragg diffrac-
tion.
The chosen approach, which notably always passes through any
non-scattering process such as absorption to Geant4, gives the
best of twoworlds: one retains all the highly detailed and complex
functionality of Geant4 for all particles and at all energies, while
simultaneously getting proper low-energy neutron scattering in
polycrystallinematerials. Furthermore, it grants the user verywide
flexibility in the choice of the base physics model. The default
value of Ekinthr is set to 60 eV, which for most materials will be well
below the region of nuclear resonances and well above the one
where crystal diffraction takes place. However, the value can be
configured by the user if necessary.
Interaction cross sections dependupon the temperature of crys-
talline materials, and NXSG4 therefore transfers the temperature
setting specified for each G4Material instance to the nxs unit
cell, in order for it to be taken into account consistently. It is on the
other hand not possible to correlate the microdensity of an nxs
unit cell directly with the macroscopic density of a G4Material:
while the macroscopic density cannot be higher than the micro-
scopic density, it can certainly be smaller in the case of a loosely
packed powdered material. Therefore, NXSG4 does not attempt to
correlate the two densities, except to emit a warning of possibly
inconsistent configurations in cases where large discrepancies are
observed (specifically, no warnings are emitted when 0.01ρnxs <
ρG4 < 1.01ρnxs).
4.3. Physics performance
Using NXSG4, the corrected cross sections are significantly
improved compared tomeasured data as can be seen in Fig. 4: both
qualitatively by introducing the previouslymissing structure in the
Bragg edge region and quantitatively by dramatically improving
the agreement with data for colder neutrons. Minor differences
between predicted and measured results in the low-energy Bragg
edge region can likely be explained by preferred crystallographic
orientations, i.e. texture, in the sample materials. The possibilities
to calculate textured materials have been discussed in [4] but are
beyond the scope of this paper.
To further verify that the Bragg edges sit at the expected po-
sitions, one must recall that the structure of aluminium is face-
centred cubic (FCC) with a lattice dimension of 4.049 Å, which
means that the lattice plane spacings for a given hkl plane will be
given by:
dhkl = 4.049 Å√
h2 + k2 + l2 . (9)
Furthermore, the scattering cross-section on FCC lattices vanishes
exactly unless h, k and l are either all even or all odd, so 2dhkl for
the three relevant planes at highest distances in aluminium are:
2 d111 = 4.675 Å ∼ 3.74 meV,
2 d200 = 4.049 Å ∼ 4.99 meV,
2 d220 = 2.863 Å ∼ 9.98 meV,
(10)
which can be verified to correspond exactly to the positions of the
three first edges in Fig. 4.
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aluminium in Geant4 compared to data [9].
Fig. 5. Generated neutron scattering angles in aluminium as a function of
wavelength provided through NXSG4. The statistics in each vertical column is
chosen to be proportional to the total scattering cross section at that wavelength.
Similarly, Fig. 5 shows the scattering angles provided byNXSG4:
visible is the strong discrete structure given by Eq. (1), on top of
an isotropic background from both phonon components as well as
the incoherency due to spin and isotopic variations. According to
Eq. (1), Bragg diffraction should here be described by sinusoidal
curves intersecting θ = 180° at λ = 2dhkl/n. To illustrate the
correct positions of the curves, Eqs. (1) and (10) were used to
overlay curves for scattering of order n = 1 and Miller indices of
hkl = 111, 200 and 220.
5. Conclusion
Based on the nxs library, the NXSG4 extension augments the
existing rich capabilities of Geant4 to become a complete tool forinvestigations of a multitude of phenomena at neutron scattering
facilities and elsewhere. It is being made freely available [29] for
non-commercial use.
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